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Design and Analysis of Magnet Proportioning for
Dual-Memory Machines
Fuhua Li, K. T. Chau, Senior Member, IEEE, Chunhua Liu, Member, IEEE, J. Z. Jiang, and Winson Yong Wang
Abstract—The dual-memory machine utilizes two kinds of
permanent magnets (PMs), namely the aluminum-nickel-cobalt
(Al-Ni-Co) and neodymium-iron-boron (Nd-Fe-B) materials, to
provide effective flux-mnemonic feature. Namely, the Al-Ni-Co
PM can be forward or backward magnetized in such a way that
it can coordinate with the Nd-Fe-B PM to online tune the air-gap
flux density. Based on the proposed DC-excited memory machine
structure, the magnet proportioning between the Al-Ni-Co PM
and the Nd-Fe-B PM is analysed. Both simulation and experi-
mentation are carried out to verify the validity of the proposed
dual-memory machine design.
Index Terms—Dual-memory, flux-mnemonic machine, magnet
proportioning, memory machine, permanent magnet machine.
I. INTRODUCTION
T HE MEMORY machine is a kind of PM brushlessmachines [1], [2] having the flux-mnemonic feature. Ini-
tially, the memory machine was based on the PM synchronous
machine structure in which the Al-Ni-Co PM is located in the
rotor and online magnetized or demagnetized by the d-axis
stator armature current field [3], [4], thus termed as the AC-ex-
cited memory machine. Recently, the DC-excited memory
machine has been developed in which both the Al-Ni-Co PM
and the armature winding are located in the stator while the
online magnetization or demagnetization is by a magnetizing
winding also located in the stator [5], [6]. Notice that this
magnetizing winding is much smaller than the field winding
adopted by PM hybrid machines [7]. However, these memory
machines still suffer from two drawbacks—the Al-Ni-Co PM
has a much lower energy product than the Nd-Fe-B PM; and
the Al-Ni-Co PM is prone to be accidentally demagnetized.
By adopting two kinds of PMmaterials, namely the Al-Ni-Co
and Nd-Fe-B, they can complement one another to solve the
aforementioned drawbacks. Rather than based on the AC-ex-
cited memory machine structure [8], the dual-memory concept
is incorporated into the DC-excited memory machine. Hence,
this dual-memory machine not only inherits the merits of flux-
mnemonic and straightforward magnetization, but also solves
the drawbacks of relatively low PM energy product and acci-
dental PM demagnetization. This machine is particularly useful
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Fig. 1. Machine structure.
for those applications desiring a wide range of air-gap flux den-
sity such as the motor for electric vehicles or the generator for
wind turbines.
The purpose of this paper is to propose the design of magnet
proportioning between the Al-Ni-Co PM and the Nd-Fe-B PM
for the dual-memory machines in such a way the optimal flux
control range can be achieved. Equivalent magnetic circuits will
be formulated for this analysis. Both simulation and experimen-
tation will be given to verify the proposed design.
II. MACHINE DESIGN
Fig. 1 shows the proposed machine structure. This machine
adopts the 5-phase, outer-rotor and double-layer inner-stator
configuration. The outer rotor is made of simple iron core with
salient poles that can provide high robustness. The double-layer
inner stator accommodates the armature winding in the upper
layer and the PM in the lower layer. This arrangement can
reduce the possibility of accidental demagnetization of the
Al-Ni-Co PM by the armature field. Three PM pieces, in-
cluding two Nd-Fe-B PM pieces and one Al-Ni-Co PM piece,
constitute a PM pole in the stator. The magnetizing winding
is located in the inner space of the stator, which functions to
online magnetize the Al-Ni-Co PM in forward or backward
direction. The Al-Ni-Co PM provides a tunable PM flux while
the Nd-Fe-B PM provides a constant PM flux, hence achieving
strong and adjustable air-gap flux density.
Fig. 2 depicts the simplified magnetic flux diagram. It can
be seen that the flux linking through two neighboring Nd-Fe-B
PM pieces is within one closed flux loop, whereas the flux
passing through the Al-Ni-Co PM piece belongs to two closed
flux loops.
III. MAGNETIC CIRCUITS FOR MAGNET PROPORTIONING
The proposed dual-memory machine incorporates two kinds
of PMs to provide the magnetomotive force (MMF). The
Al-Ni-Co PM can be forward or backward magnetized by the
magnetizing winding. When the machine works under normal
operation, the Al-Ni-Co PM is fully forward magnetized in
the same magnetization direction as the neighboring Nd-Fe-B
PM so that the maximum air-gap flux density can be achieved.
1051-8223/$26.00 © 2011 IEEE
4905404 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 22, NO. 3, JUNE 2012
Fig. 2. Simplified magnetic flux diagram.
Fig. 3. Equivalent magnetic circuits under forwardmagnetization. (a) Original.
(b) Simplified.
Fig. 4. Magnetic circuit analysis under forward magnetization. (a) Thevenin
equivalent MMF and reluctance. (b) Thevenin equivalent magnetic circuit.
(c) Equivalent magnetic circuit under no magnetizing MMF.
Under the light-load or high-speed condition, the Al-Ni-Co PM
is backward magnetized so as to weaken the flux produced by
the Nd-Fe-B PM, hence achieving flux-weakening operation.
A. Forward Magnetization Analysis
The equivalent magnetic circuits describing the forward
magnetization, also called flux-enhancing, are depicted in
Fig. 3 where is the magnetizing winding MMF, is the
Al-Ni-Co PM MMF, is the Al-Ni-Co PM reluctance,
is the Nd-Fe-B PM MMF, is the Nd-Fe-B PM reluctance
and is the air-gap reluctance. Since the magnetic circuit
shown in Fig. 3(a) is symmetrical, it can be further simplified
as Fig. 3(b). The magnetic circuit analysis is carried out as
detailed in Fig. 4 where is the flux passing through the
Nd-Fe-B PM, is the flux passing through the Al-Ni-Co PM,
is the Thevenin equivalent MMF and is the Thevenin
equivalent reluctance.
Firstly, the Al-Ni-Co PM is omitted as shown in Fig. 4(a). The
magnetic flux passing through the Nd-Fe-B PM is expressed as:
(1)
Thus, the Thevenin equivalent MMF and reluctance can be cal-
culated as given by:
(2)
(3)
Secondly, as shown in Fig. 4(b), the use of Thevenin equiva-
lent MMF and reluctance can further simplify the magnetic cir-
cuit. Actually, the Thevenin equivalent MMF serves to magne-
tize the Al-Ni-Co PM. Since the second term of (2) is governed
by the Nd-Fe-B PM MMF, the magnetizing MMF should be
large enough to compensate this Nd-Fe-B PM MMF in order to
forward magnetize the Al-Ni-Co PM. From (2), the criterion for
forward magnetization of the Al-Ni-Co PM can be derived as:
(4)
where and are the coercivity and thickness of the
Al-Ni-Co PM, respectively.
Thirdly, if the magnetizing winding is out of service, as
shown in Fig. 4(c), the Thevenin equivalent MMF will only be
dependent on the Nd-Fe-B PM MMF as given by:
(5)
The negative sign in (5) indicates that the Nd-Fe-B PM tends to
reversely magnetize the Al-Ni-Co PM. Thus, it is necessary to
ensure that the Al-Ni-Co PM is thick enough to withstand this
field strength. Also, for the sake of high air-gap flux density,
the flux passing through the Al-Ni-Co PM should be as large as
possible. Therefore, the criterion for selection of the Al-Ni-Co
PM thickness can be deduced from (5) as:
(6)
Hence, it yields:
(7)
Fig. 5 depicts the forward and backward magnetization pro-
cesses of the Al-Ni-Co PM. For the case of forward magneti-
zation as illustrated in Fig. 5(a), the Al-Ni-Co PM is initially
not magnetized, namely operating at the origin . When the
Al-Ni-Co PM and the Nd-Fe-B PM coexist, the Al-Ni-Co PM
is reversely magnetized by the Nd-Fe-B PM so that the oper-
ating point moves to . Then, when the magnetizing winding
is excited, the Al-Ni-Co PM becomes forward magnetized, thus
moving to the operating point . Consequently, after removing
the excitation of the magnetizing winding, the operating point
moves to .
B. Backward Magnetization Analysis
The backward magnetization, also called flux-weakening,
is to reversely magnetize the Al-Ni-Co PM, which serves to
weaken or cancel the magnetic field produced by the Nd-Fe-B
PM. The corresponding magnetic circuit analysis is illustrated
in Fig. 6.
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Fig. 5. Magnetization processes of Al-Ni-Co PM. (a) Forward magnetization.
(b) Backward magnetization.
Fig. 6. Magnetic circuit analysis under backwardmagnetization. (a) Equivalent
magnetic circuit. (b) Thevenin equivalent magnetic circuit.
Similar to the previous derivation for forward magnetization,
the Al-Ni-Co PM is first omitted to derive the Thevenin equiv-
alent magnetic circuit. Based on Fig. 6(a), the Thevenin equiv-
alent MMF and reluctance can be calculated as given by:
(8)
(9)
Hence, as shown in Fig. 6(b), the use of Thevenin equivalent
MMF and reluctance can further simplify the magnetic circuit.
Since the Thevenin equivalent MMF consists of two positive
terms, the Nd-Fe-B PM MMF exerts a magnetizing force to as-
sist the magnetizing winding to magnetize the Al-Ni-Co PM in
the reverse direction. Thus, the required magnetizing MMF for
backward magnetization is much lower than that for forward
magnetization. From (8), the criterion for backward magnetiza-
tion of the Al-Ni-Co can be deduced as:
(10)
Hence, the thickness of the Al-Ni-Co PMs is governed by:
(11)
The process of backward magnetization is illustrated in
Fig. 5(b). Assuming that the original operating point is at
, it moves to when the magnetizing MMF is applied.
After removing the excitation of the magnetizing winding, the
operating point moves along the hysteresis loop to .
It should be noted that the magnetization of the Al-Ni-Co PM
may adopt various strategies to control the air-gap flux density.
For examples, it can adopt forward magnetization to reinforce
the Nd-Fe-B PM field, hence strengthening the air-gap flux den-
sity; it can be demagnetized so that the air-gap flux density de-
pends only on the Nd-Fe-B PM field; or it can adopt backward
Fig. 7. Magnetic field distributions under different magnetizing currents.
(a) 15 A. (b) 5 A. (c) 5 A. (d) 15 A.
magnetization to cancel out the Nd-Fe-B PM field, leading to
operate as a reluctance machine.
IV. SIMULATION RESULTS
Based on the derived equations, the dimensions of the two
kinds of PMs are determined, namely
for the Al-Ni-Co PM and
for the Nd-Fe-B PM. Notice that
the thickness of the Al-Ni-Co PM is twice that of the Nd-Fe-B
PM. The magnetizing winding is set to be 200 turns. Conse-
quently, the time-stepping finite element method (TS-FEM) is
employed to simulate the online magnetization. Fig. 7 shows
the magnetic field distributions under different magnetizing
currents at the speed of 600 rpm. It can be observed that all
three PM pieces (two Nd-Fe-B and one Al-Ni-Co) under the
same pole provide the flux passing through the air-gap when
the Al-Ni-Co is forward magnetized by 15 A, whereas the
Al-Ni-Co PM piece is reversely magnetized by its neighboring
Nd-Fe-B PM pieces and cannot contribute to the air-gap flux
when the forward magnetizing current is reduced to 5 A.
On the other side, when the Al-Ni-Co PM piece is reversely
magnetized by 15 A or 5 A, the air-gap flux is significantly
reduced. It should be noted that the difference between the
cases of 15 A and 5 A is not so significant, which is actually
due to the MMF bias provided by the Nd-Fe-B PM.
The air-gap flux density distributions under different mag-
netizing currents are plotted together in Fig. 8. Under forward
magnetization, the air-gap flux density significantly increases
with the magnetizing current increasing from 2 A to 15 A. In
contrast, under backward magnetization, the changes are less
significant, which is also due to the MMF bias provided by the
Nd-Fe-B PM.
V. EXPERIMENTAL RESULTS
The proposed dual-memory machine is prototyped for exper-
imentation. The Al-Ni-Co 5DG PM material and the Nd-Fe-B
N38SH PM material are adopted. The whole test-bed is shown
in Fig. 9 in which the dual-memory machine is mechanically
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Fig. 8. Air-gap flux density distributions under different magnetizing currents.
Fig. 9. Proposed dual-memory machine prototype and test-bed.
Fig. 10. Measured EMFwaveforms at 600 rpm. (a) Forward magnetization (20
V/div, 1 ms/div). (b) Backward magnetization (20 V/div, 1 ms/div).
coupled with a DC dynamometer via a dynamic torque trans-
ducer. The control system is based on a DSpace controller which
generates proper gating signals to drive the inverter feeding the
machine.
When the proposed machine operates as a generator at 600
rpm, the no-load electromotive force (EMF) waveforms are
measured under different magnetizing currents. As shown in
Fig. 10, the generated EMF can achieve peak-to-peak 154 V
under forward magnetization using 10 A, whereas it can be
reduced to 89.6 V under backward magnetization using 5 A.
Hence, the effect of forward and backward magnetizations is
experimentally verified.
Fig. 11 shows the measured current waveforms when the ma-
chine operates as a motor to drive a load of 5 Nm with closed-
loop control. All waveforms are trapezoidal which agrees with
the theoretical operation of DC-excited memory machines [5].
Comparing the cases of forwardmagnetization using 10 A and
backward magnetization using 10 A under the same DC-link
voltage of 40 V, as shown in Figs. 11(a) and 11(c) respectively,
the motor speed under forward magnetization is 160 rpm which
is much faster than 90 rpm under backward magnetization. It is
Fig. 11. Measured current waveforms at different speeds under different
DC-link voltages and magnetizing currents (1.5 A/div, 5 ms/div). (a) 160 rpm,
40 V, 10 A. (b) 290 rpm, 100 V, 10 A. (c) 90 rpm, 40 V, 10 A. (d) 150
rpm, 140 V, 10 A.
expected because the air-gap flux, the driving torque and hence
the motor speed are diminished when forward magnetization is
changed to backward magnetization. Similar results can be ob-
served from Figs. 11(b) and 11(d). Moreover, when comparing
between Figs. 11(c) and 11(d), the motor speed can be increased
from 90 rpm to 150 rpm by increasing the DC-link voltage from
40V to 140V. However, as shown in Fig. 11(d), the high voltage
creates more current ripples which are undesirable.
VI. CONCLUSION
This paper has proposed and implemented the dual-memory
machine. It incorporates both the Al-Ni-Co PM and Nd-Fe-B
PM materials. The magnet proportioning criteria are analyti-
cally derived which are essential for the design of this machine.
Two keymachine operations, namely the forwardmagnetization
and backward magnetization, are verified by using the TS-FEM.
Finally, the experimental results further verify the validity of the
proposed machine.
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